Background. Advanced penile squamous cell carcinoma (PSCC) is associated with poor survival due to the aggressiveness of the disease and lack of effective systemic therapies. Comprehensive genomic profiling (CGP) was performed to identify clinically relevant genomic alterations (CRGAs). Materials and Methods. DNA was extracted from 40 mm of formalin-fixed, paraffin-embedded sections in patients with advanced PSCC. CGP was performed on hybridizationcaptured, adaptor ligation-based libraries to a mean coverage depth of 6923 for 3,769 exons of 236 cancerrelated genes plus 47 introns from 19 genes frequently rearranged in cancer. CRGAs were defined as genomic alterations (GAs) linked to targeted therapies on the market or under evaluation in mechanism-driven clinical trials.
INTRODUCTION
In 2015, the incidence of penile cancer in the United States is estimated to be 1,800, and approximately 320 deaths will occur because of the disease [1]. However, the annual incidence groups penile squamous cell carcinoma (PSCC) cases of different stages, for which survival varies markedly. In a large series, patients with stage I disease have an estimated 10-year survival of 89% [2] . In contrast, patients with penile cancer with metastatic disease have only an estimated survival of 21% at 2 years [2] . Despite the poor prognosis of patients with advanced PSCC, National Comprehensive Cancer Network guidelines are predicated largely on small prospective studies or The Oncologist 2016;21:1-7 www.TheOncologist.com ©AlphaMed Press 2016 retrospective series rather than randomized trials because of the rarity of the disease [3] . Systemic therapy is typically chemotherapy; data from a single-arm phase II trial supports the use of paclitaxel, ifosfamide, and platinum (TIP) as neoadjuvant therapy for patients with clinical evidence of nodal involvement [4] . For metastatic disease, TIP is also the preferred first-line regimen, although historical regimens such as 5-fluorouracil with cisplatin may also be considered [5] . Cetuximab has been seen to be active in a subset of patients with PSCC; one patient in one non-epidermal growth factor receptor (EGFR)-stratified series had a response rate of 23.5% to cetuximab with chemotherapy backbone [6] [7] [8] . EGFR expression was assayed in four other patients, with a range from 11 to 31, but expression did not correlate well with response [6] [7] [8] .
A challenge in developing novel systemic strategies for penile cancer is the limited understanding of the heterogeneity of the oncogenic drivers of disease, particularly human papillomavirus (HPV) infection. HPV has been associated with 50%-70% of cases of squamous penile cancer across multiple series, but these studies amalgamate early, and patients with late-stage PSCC who likely have distinct clinicopathologic features and biology [9] [10] [11] [12] [13] [14] . Broader molecular studies of penile carcinoma have been performed in a limited series of patients, but interpretation is again confounded by heterogeneity of the stage of disease and diagnostic methodologies used [15, 16] . Herein, we report results from comprehensive genomic profiling (CGP) in a cohort of patients with advanced penile cancer.
MATERIALS AND METHODS
Formalin-fixed, paraffin-embedded (FFPE) slides or blocks were obtained for a series of 20 patients with advanced squamous cell penile cancer. DNA was extracted with a minimum threshold of 20% of DNA derived from tumor. CGP based on targeted next-generation sequencing was performed using hybridization-captured, adaptor ligation-based libraries in a Clinical Laboratory Improvement Amendments-certified laboratory (Foundation Medicine, Inc., Cambridge, MA). DNA was extracted from 40 mM of FFPE sections in patients with advanced PSCC. Cases were sequenced with a median coverage exceeding 5003 across 3,769 exons in 236 cancer-related genes and 47 introns derived from 19 genes frequently rearranged in cancer. Bayesian algorithms were used to detection substitutions. Comparison with healthy control specimens was used to ascertain copy number alterations. Finally, local assembly algorithms were used to detect insertions and deletions. The genomic alterations (GAs) linked to approved or investigational targeted agents were termed clinically relevant genomic alterations (CRGAs). Only deidentified data were used for the current analysis. Pathologic stage was determined by review of available medical records. Local site permissions were used for this study.
RESULTS
Among the 20 male patients included in the analysis, the median age was 60 years (range, 46-87 years). Seventeen patients (85%) had stage IV disease, and the remaining three (15%) had stage III disease. CGP revealed 109 GAs, with an average of 5.45 GAs per patient, and of the 109 GAs, 44 GAs (40%) were CRGAs, occurring at a mean frequency of 2.2 per case. TP53 was mutated in 13 cases (65%) and was the most common GA (Fig. 1 (Table 1) . Less frequent alterations in our series included FGF amplification and mutation of chromatin remodeling genes (e.g., ©AlphaMed Press 2016
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The Oncologist ® EP300). The 4 patients harboring EGFR amplification harbored between 9 and 46 copies, and they did not harbor any alterations of RAS (HRAS, KRAS, NRAS) family members. Alterations in RAS family members were identified in 2 patients (10%) and were HRAS G12D and HRAS G13D; HPV-16 was detected in 2 patients (10%), HPV-6 was detected in 1 patient (5%), and HPV-18 was not detected in any patients (Table 1 ; Fig. 2 ). Of the three patients who were HPV-positive, the patient who was HPV-6 positive (case 9) harbored a TP53 alteration, and patient 14 harbored a TP53 alteration and HPV-16 (Fig. 2) .
CONCLUSION
Currently, outcomes for advanced penile cancer are poor, with a 2-year survival of only 21%, and little data exists to guide treatment beyond small nonrandomized studies using platinum-based chemotherapy [2] . The current series of 20 cases represents the largest ever cohort of patients with advanced PSCC assessed with CGP. To that end, CRGAs that could guide the rational use of targeted therapy were observed in all but one case. Previously, anecdotal reports have described striking clinical benefit with cetuximab in patients with PSCC. For these patients, pretreatment testing of EGFR expression was performed with immunohistochemistry, which is qualitative at best, and it is also likely biased by the nonreporting of failure of cetuximab treatment in PSCC [6] [7] [8] . The frequency of 20% of patients with PSCC in this series harboring EGFR high-level amplification suggests that the basis of occasional benefit from cetuximab is indeed linked to EGFR amplification. Moreover, if an analogy is made to the contraindication for anti-EGFR inhibitor treatment in RAS-mutated colorectal carcinoma, only 10% of patients with PSCC here harbored RAS family alterations [17] .
Twenty-five percent of patients with advanced PSCC harbor alterations in PIK3CA, which suggests possible response to inhibitors of the mammalian target of rapamycin (mTOR)/phosphatidylinositol 3-kinase pathway, such as rapamycin analogs, as observed in other tumor types [18] . One patient also harbored a FBXW7 alteration, but it was wild type for PI3KCA, which also predicts sensitivity to rapamycin analogs such as temsirolimus [19] . Importantly, these patients harboring PIK3CA and/or FBXW7 alterations (30%) did not also harbor EGFR amplifications (25%) because these groups of alterations occurred in a mutually exclusive fashion. Alterations of CDKN2A, which encodes p16, occur in 40% of cases, and CCND1 amplifications occur in 20% of cases [20] . Aberrations in p16 appear to increase sensitization to the novel CDK4/6 inhibitor palbociclib in preclinical models, but this finding has not yet been well borne out in clinical studies [21] [22] [23] [24] . Cyclin D1 coactivates CDK4, but a small phase II trial in breast carcinoma did not demonstrate correlation between either p16 status or CCND1 alteration and response to palbociclib [25] . It remains to seen in PSCC whether either of these alterations confer sensitivity to cell cycle inhibitors.
HPV positivity and TP53 mutation occur in a largely mutually exclusive fashion in squamous cell carcinomas driven by HPV [26] [27] [28] . The frequency of high-risk HPV infection in this PSCC series is much lower than cervical carcinoma (95%1) and anal carcinoma (90%1) (Fig. 2) , which is consistent with the high frequency (65%) of TP53 alteration. PIK3CA alterations are enriched in squamous carcinomas driven by high-risk HPV, and interestingly are also somewhat enriched in this PSCC series, although occurring solely in patients with a negative HPV test result.
High-risk HPV viruses (16, 18, 6, and 11) are members of the a-HPV family and exclusively infect nonkeratinized squamous mucosa, such as in the cervix, anus, and oropharyngeal tract, but they are currently thought to not infect cutaneous keratinizing squamous epithelium of the skin. PSCC of the foreskin, which has keratinized outer and nonkeratinized inner squamous epithelium, is classically HPV positive with pre-existing small or giant condylomas. This series is likely primarily HPV-negative PSCC of the glans or shaft, given that these are Western patients who have likely undergone circumcision [29] . Understanding the diversity of PSCC genomic profiles and possible correlation to clinicopathologic characterization may add insight into the open question of the role of HPV infection in the oncogenesis of PSCC, particularly in the context of a circumcised versus uncircumcised population.
Whether in the setting of practice or clinical trials, CGP offers the possibility of guiding the rational use of targeted therapy for individuals with advanced PSCC, who have a very poor prognosis under standard care regimens at present. In particular, 55% of patients in this small study harbor either EGFR amplification or PIK3CA/FBXW7 alterations, suggesting possible clinical benefit from treatment with cetuximab or mTOR inhibitors, respectively. Ideally, larger cohorts can be assembled to validate the findings of the current study. Furthermore, prospective trials should be designed to determine whether the alterations specified herein predict activity of corresponding targeted therapies.
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